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Abstract  
Ballast fouling in railroad substructure is detrimental to railroad track effectiveness and its 
structural capacity. Ground penetrating radar (GPR) provides a rapid, effective and 
continuous approach to assess railroad substructure condition. However, unknown ballast 
dielectric constant and unclear interface between clean and fouled ballast limit the GPR 
assessment accuracy. In this study, controlled laboratory testing was conducted to accurately 
determine the dielectric constants of two types of ballast: granite and limestone, based on the 
GPR data collected on ballast under various fouling and moisture conditions. In addition, 
short-time Fourier transform (STFT) spectra were built for ballast under various conditions 
using the collected GPR data. The study showed that STFT method was effective in locating 
fouling and trapped water in tested ballast. Furthermore, using laboratory-predicted ballast 
dielectric constants in GPR data analysis improved the accuracy of ballast condition 
assessment. 
 
Résumé 
La détérioration du ballast supportant les rails des voies ferrées réduit considérablement 
leur efficacité et leur capacité structurelle. Le radar géophysique (Ground Penetrating Radar, 
GPR) est une solution rapide et efficace pour évaluer l’état du ballast. Cependant, deux 
facteurs limitent la précision de cet outil : premièrement, la valeur de la constante diélectrique 
du ballast n’est pas connue avec précision et deuxièmement, l’interface entre ballast détérioré 
et ballast net n’est pas très claire. Dans cette étude, la constante diélectrique de deux types de 
ballast : granite et calcaire, a été déterminée en effectuant des mesures GPR, en laboratoire, 
sur des échantillons de ballast ayant différents degrés de détérioration et de concentration en 
eau. En plus, les spectres de ces mesures ont été construits en utilisant la transformée de 
Fourier à court-temps (Short-time Fourier Transform, STFT) pour les différentes conditions 
de détérioration et d’humidité. Cette étude a montré que la STFT peut être utilisée 
effectivement pour localiser la détérioration du ballast ainsi que les poches d’eau qu’il peut 
contenir. En outre, l’utilisation de la constante diélectrique du ballast estimée en laboratoire a 
augmenté la précision du GPR pour l’évaluation de l’état du ballast. 
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1  Introduction 
Railroad ballast plays an important role in supporting heavy rail loading, preventing track 
deformation, and providing water drainage from the track structure. However, ballast fouled 
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by infiltration of fines undermines the ballast functions, and may result in damage to the rail 
system. Measuring the intact ballast thickness and early detection of fouled ballast are vital 
for the rail system safety and could be used to optimize the life-cycle cost of the ballast 
system. The traditional selective ground truth (drilling) method, usually used to measure 
ballast thickness and evaluate its condition, is condition driven and time consuming. In 
addition, it does not provide a continuous measurement. Ground penetrating radar (GPR), a 
non-destructive method, on the other hand, can provide a rapid, effective, and continuous 
prediction of track substructure conditions. 
Compared to uniformly-graded clean ballast, fouled ballast has a finer well-graded particle 
size with less air voids. Using GPR antennae at high frequencies, such as 2 GHz, for ballast 
survey, air void in clean ballast and fouled ballast produce different scattered patterns [1-3]. 
The presence of fine particles generates more energy attenuation. As the scattering energy 
attenuation is frequency and transmission medium property dependent, short-time Fourier 
transform (STFT) is a feasible technique to track the frequency change and assess ballast 
fouling condition change over time [4, 5]. Hence, clean ballast can potentially be 
distinguished from fouled ballast using 2 GHz antennae. If accurate dielectric characteristics 
of ballast are used, the change of frequency spectrum over time can be transformed into 
variation within ballast depth. Thus, STFT spectra can be built for field data calibration.  
This paper presents the results of laboratory-measured ballast dielectric constants and STFT 
analysis for clean and fouled ballast. 
 
2  Dielectric Constant Calculation and Short-Time Fourier Transform 
When electromagnetic (EM) wave is traveling within a medium, the wave propagation 
velocity can be calculated using the following equation [6]: 
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where v is the wave propagation velocity, c is the speed of light in free space (3x10
8 m/s), and εr 
is the dielectric constant of the medium. For a layered system, the two-way travel time within 
the ith layer can be measured by the GPR system. Knowing the EM velocity in the transverse 
medium yields the thickness of the layer: 
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where di is the thickness of the ith layer, ti is the two-way travel time within the ith layer, and 
εr,i is the dielectric constant of the ith layer. Likewise, if the layer thickness and the travel time 
within the layer are known, the dielectric constant can be calculated by using Eq. 3: 
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STFT is a time-frequency technique that may keep data information in both time and 
frequency domains, and it effectively tracks the frequency spectrum change with time [7]. The 
information of frequency spectrum change with time is obtained using Eq. 4:  
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where x is the reflected signal, t is the time variable, Ω is the radial frequency variable, w is the 
window function, and STFT is the energy at time t and frequency Ω. Once STFT is calculated, it 
can be plotted against t and Ω. For example, Fig. 1(b) is the STFT spectrum for the 
time-domain signal in Fig. 1(a). In Fig. 1(b), red (dark in grey scale) color represents high 
energy and blue (light in grey scale) color represents low energy. If the dielectric constant of 
the medium is known, the time axis can be transformed to depth using Eq. 2. 
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 (a) GPR signal in time domain          (b) GPR signal STFT spectrum 
Figure 1. STFT spectrum example 
 
3  Experimental Program 
To measure ballast dielectric constant in the laboratory, two 1.5x1.5x1.2m wooden 
container boxes, as shown in Fig. 2, were built. Each box has measuring scales at the four 
corners to measure ballast thickness. Two ballast aggregate types were evaluated: limestone 
and granite. Dry clay was used as a fouling material. It should be noted that in the field, the 
fouling material might be different. This may affect the measured dielectric constant; but can 
still show a clear difference between clean and fouled ballast. 2 GHz air-coupled antennae 
were used in this study and the following testing procedure was followed:  
•  Place and compact 300-mm-thick clean dry ballast in the box. Calculate ballast air 
void and collect GPR data; 
•  Apply dry clay into the ballast at four levels: 10%, 25%, 40% and 50% of the air 
void volume. Vibrate the ballast with clay to permit clay penetration into the bottom. 
Collect GPR data for each fouling level. 
•  Place and compact another 300-mm-thick clean dry ballast on top of the 
300-mm-thick 50% fouled ballast, and collect GPR data. 
•  Place and compact 300-mm-thick clean dry ballast on top of the 600-mm partially 
25% fouled ballast, and collect GPR data. 
•  Evenly spray water onto the 900-mm-thick ballast at various levels: 10%, 25%, 40% 
and 50% by air void volume of the bottom 300-mm-thick clean ballast. Collect GPR 
data at each moisture level.   
At the maximum densities, the resultant ballast air void was 36.3% for granite and 37.8% 
for limestone. Before the fouling material was applied, both granite and limestone ballast 
were uniformly-graded with an aggregate size of 63.5 mm. 
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GPR Antennae 
 
Figure 2.    Wooden box and 2GHz Antennae Used for Ballast Testing 
 
4  Laboratory Testing Results 
The dielectric constants of the two ballast materials fouled by various percentages of dry 
clay were calculated using Eq. 3 and presented in Fig. 3. The following findings can be 
observed: 
• Granite ballast has a smaller dielectric constant than limestone ballast at the same fouling 
level. 
• The dielectric constant of bulk ballast increases with the fouling level increase. 
• A strong linear relationship exists between ballast dielectric constant and fouling level 
for both ballast materials. For any fouling level between 0 and 50%, the equations shown in 
Fig. 3 can be used to predict ballast dielectric constant. 
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Figure 3. Dielectric constants of ballasts fouled by various percentages of dry clay 
 
Using Eq. 4, the STFT spectra of GPR data were calculated and plotted for ballast at various 
fouling and moisture levels. The laboratory-predicted dielectric constants were used to 
estimate fouling depth. Several cases are presented in this paper to demonstrate the validity of 
the STFT analysis technique for this type of GPR data. Fig. 4 shows STFT spectrum for 
300-mm-thick dry clean ballast. It is clear that frequency energy attenuates gradually. However, 
in Fig. 5, which presents STFT spectrum for 600-mm-thick dry clean ballast on top of 
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300-mm-thick 50% fouled ballast, a sudden energy drop can be observed at around 720 mm. 
This indicates that the 180-mm-thick ballast at the bottom is fouled. The dry clay, which was 
applied to fill 50% of the 300-mm-thick clean ballast air void volume, actually filled 180 mm 
instead of 100% filling of 150 mm. This was considered reasonable as the air voids were 90% 
filled. For the same ballast shown in Fig. 5, when 50% water by the air void volume of the 
300-mm-thick ballast was applied, the STFT spectrum in Fig. 6, was obtained. Compared to 
the STFT spectrum in Fig. 5, high energy areas were observed at a depth of around 720 mm 
and at the bottom. These high energy areas indicate water accumulation at these two locations 
that resulted in strong signal reflections. 
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Figure 4. STFT Spectrum for 300 mm clean ballast 
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Figure 5. STFT Spectrum for 600 mm clean ballast on top of 300 mm 50% fouled ballast 
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Figure 6. STFT Spectrum for 600 mm clean ballast on top of 300 mm 50% fouled ballast 
 
5  Conclusions  
A laboratory study was conducted to determine the dielectric constants of two types of 
ballast; limestone and granite. In addition, STFT spectra of ballast GPR data at various fouling 
and moisture conditions were analyzed. The following summarizes the conclusions of this 
study: 
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•  Limestone ballast was found to have greater dielectric constant than granite ballast at 
the same fouling level. 
•  At a dry clay fouling level of 0 to 50%, the range of the dielectric constant ranges from 
3.25 to 3.77 and 3.96 to 4.84, for granite and limestone ballast, respectively.  
•  Dielectric constants of ballast fouled by various percentages of dry clay can be 
predicted using linear relationships. 
•  STFT color-map can effectively detect fouling and water accumulation locations if 
accurate dielectric constant is used. 
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